A strain of Bacillus subtilis, UVSSP-42-1, which produces ultraviolet (UV)-sensitive spores and vegetative cells, was found to possess germinated spores 25 times more UV resistant than the resting spores. This relative resistance achieved upon germination was associated with the transition of the heat-resistant refractile spores to the heat-sensitive phase-dark forms. Several generations of outgrowth were required before the cells attained the level of UV sensitivity characteristic of the vegetative cell. The UV sensitivity of germinated spores was compared with other strains with various combinations of mutations affecting deoxyribonucleic acid repair capabilities. The presence of hcr and ssp mutations which are known to abolish the removal of photoproducts from deoxyribonucleic acid did not alter significantly the sensitivity of the germinated forms. However, the addition of the recA mutation and, to some extent, the pol mutation increased the UV sensitivity of the germinated spores. These results indicate that deoxyribonucleic acid repair mechanisms dependent on the recA gene are active in the germinated spores. The chemical nature of the damage repaired by the recA gene product is not known. This study indicates that the life cycle of sporulating bacilli consists of at least three photobiologically distinct forms: spore, germinated spore, and vegetative cell.
A strain of Bacillus subtilis, UVSSP-42-1, which produces ultraviolet (UV)-sensitive spores and vegetative cells, was found to possess germinated spores 25 times more UV resistant than the resting spores. This relative resistance achieved upon germination was associated with the transition of the heat-resistant refractile spores to the heat-sensitive phase-dark forms. Several generations of outgrowth were required before the cells attained the level of UV sensitivity characteristic of the vegetative cell. The UV sensitivity of germinated spores was compared with other strains with various combinations of mutations affecting deoxyribonucleic acid repair capabilities. The presence of hcr and ssp mutations which are known to abolish the removal of photoproducts from deoxyribonucleic acid did not alter significantly the sensitivity of the germinated forms. However, the addition of the recA mutation and, to some extent, the pol mutation increased the UV sensitivity of the germinated spores. These results indicate that deoxyribonucleic acid repair mechanisms dependent on the recA gene are active in the germinated spores. The chemical nature of the damage repaired by the recA gene product is not known. This study indicates that the life cycle of sporulating bacilli consists of at least three photobiologically distinct forms: spore, germinated spore, and vegetative cell.
The response of germinating spores of Bacillus to irradiation with ultraviolet (UV) light was studied initially by Stuy (16) and by Woese (18) . Irie and co-workers (5, 6) 'and Stafford and Donnellan (14) subsequently described a transient period of extremely high resistance to UV irradiation before the completion of germination. These studies were done with wild-type organisms which are now known to possess several dark repair mechanisms for UV-induced damages (10) , and consequently the results are difficult to interpret in molecular terms. A mutant of Bacillus subtilis, UVSSP-42-1, is defective in its ability to remove UV-induced damages from deoxyribonucleic acid (DNA), and the spores, as well as the vegetative cells, are sensitive to UV irradiation (9, 10) . These spores become highly UV resistant upon germination. This unexpected observation led me to study the kinetics of the change in UV sensitivity as the spores germinated and proceeded to outgrowth. The 5Doses of UV irradiation which killed 90% of the initial population are taken from UV-survival curves in Fig. 3 and 4a through g.
Media. Schaeffer nutrient broth medium has been described (10) . The minimal agar medium of Spizizen (13) supplemented with L-alanine (100 1sg/ml) and required nutrients (thymine, 10 ,g/ml; tryptophan, 50 j&g/ml; methionine, 100 &g/ml; and histidine, 100 pg/ml) was used to determine colony-forming ability. Spizizen RESULTS Changes in UV sensitivity upon germination of UV-sensitive spore. The UV sensitivity changes not only upon germination but also during the subsequent outgrowth. Hence, it was considered desirable to prohibit outgrowth when only the kinetics of the change associated with germination was to be studied. Therefore, chloramphenicol was included in the HB medium to inhibit the protein synthesis required for outgrowth. Some physiological parameters associated with the germination of UVSSP-42-1 spores under these conditions are shown in Fig.  1 . The optical density of the culture declined to about 50% of the initial value in 15 min, to less than 40%o in 45 min, and stayed at this level upon subsequent incubation. At intervals, samples were taken to measure the percentage of colony formers which survived heat treatment (Fig. lb) . Among the colony formers, the percentage of heat-resistant spores decreased almost exponentially until 30 min of incubation, at which time more than 95% of the colony formers were killed by heat. By 1 h 98% were sensitive to 15 min of 75 C heat treatment. Microscope observations confirmed that the decline in optical density and heat-resistant fraction coincided with the disappearance of refractile spores. After 1 h of incubation the samples contained less than 2% refractile spores, the rest being phase dark.
At intervals, starting from 2.5 min after inoculation, samples were irradiated by UV light. Resulting UV-survival curves are shown in Fig. 2 . Before inoculation into HB the spores of this strain exhibited the characteristic high UV sensitivity with straight kinetics, at least down to 0.01% survival. At 2.5 min of the incubation, the UV-survival curve was "broken" and downwardly convex. A majority of the cells were killed by low doses of UV irradiation, After 30 min, when more than 95% of the colony formers became heat sensitive, the UV-sensitive portion could no longer be observed because of the exponential nature of UV-survival kinetics.
The germinated spores did not lose their UV resistance after repeated washing with diluent. In another experiment, the spores were germinated in diluent plus L-alanine (the only mandatory germinant for this strain). These germinated spores exhibited the same desensitization kinetics. However, in these conditions, colony-forming ability was lost rapidly with the eventual lysis of the cells. Changes in UV sensitivity upon the outgrowth of UV-sensitive spores. The strain UVSSP-42-1, like the strain UVS-42 from which it was isolated, produced UV-sensitive vegetative cells (8) . Thus, the high UV resistance of the germinated spores of UVSSP-42-1 must be lost at some time in the transition to the vegetative phase. To follow this transition, spores of UVSSP-42-1 were inoculated in HB medium. Growth characteristics are shown in Fig. 1 and UV survivals are shown in Fig. 3 . The sample at 0 h represented the spore, and the sample at 0. those accumulated in the presence of chloramphenicol as far as their UV resistance was concerned. At 1 h, a slight sensitization was observed. From that time on, the UV sensitivity of the population increased steadily but rather slowly up to 4 or 5 h, at which time the cells attained the sensitivity equal to those grown for 20 h in this medium. During the period of the sensitization (samples at 1, 2, and 3 h), the cells behaved as a uniform population with increasing sensitivity as seen from changes in the final slopes of the curves. Some "shoulders" in the UV-survival curves might be related to the chain-forming growth under these conditions. Germination is known to be a degradative process during which spore-specific materials like dipicolinic acid are released into the medium. The possibility that these materials might affect the UV sensitivity of the outgrowing cells was excluded in a similar experiment in which the germinated spore (after 45 min in HB) were collected and washed with diluent three times before reinoculation into fresh HB medium. The gradual change in the UV sensitivity followed exactly the same course as shown above. In these experiments illustrated in Fig. 1  and 3 , the attainment of the maximal sensitivity appeared to coincide with the end of exponential growth, but this is rather accidental since exponentially growing cells, started by inoculating stationary phase cells in HB, exhibited the same level of sensitivity at any time during the growth. Also, spores germinated for 45 min in HB and diluted 50 times in fresh HB medium followed the same changes in sensitivity. In this case, the full sensitivity was attained after about 3 h of growth. Therefore, the gradual resensitization could be seen with freshly germinated cells during several (three or more) generations of outgrowth.
Comparison of UV sensitivity among various strains of B. subtilis. The UV sensitivity of germinated spores of various strains of B. subtilis was examined. All the strains produced refractile and heat-resistant spores, and microscope observations confirmed the loss of this refractility in more than 95% of the spores upon germination. The UV survival of the spore, the germinated spore (after 45 min incubation in HB), and the vegetative cell (grown for 20 h in HB) was obtained for each strain.
As illustrated in Fig. 4a through g and summarized in Table 1 , each strain had a unique pattern of sensitivity. In general, the germinated spore seemed more resistant than the vegetative cell of the same strain, and its relationship to the spore varied according to the genetic constitution of the strain examined. When the absolute sensitivity of the germinated spore is compared in various genetic backgrounds, the first notable feature is that the germinated spores of the strains UVSSP-42-1 (Fig. 3) and UVR (Fig 4a) , behave quite similarly, with the latter being only slightly more resistant. This is striking since the vegetative cells and the spores of UVSSP-42-1 are approximately 5 and 40 times more UV sensitive than those of UVR, respectively. The strain UVSSP-42-1 differs from the wild-type UVR by the two mutations hcr42 and ssp,. However, since their combination does not make a significant difference to UV resistance at the germinated phase, it is understandable that both of the strains, SSP-1 and UVS-42, produce germinated spores with similar sensitivity. Therefore, these two mutations, hcr42 and sspi, which control the UV sensitivity of the spore and/or the vegetative cell, do not exert significant effects on germinated spores, either singly or combined. This established clearly that the germinated spores are unique in their photobiological behavior from the aspect of the genetic control of the UV resistance.
To test whether there are among available mutants some which might affect the UV-resistant nature of the germinated spore, mutations tsp1, polt51, and recA, were added to UVSSP-42-1, and, under similar conditions, UV survival was obtained (Fig. 4d through f) . Each mutation altered the sensitivity of the germinated spore to UV irradiation, but the effect was the least with tspi. It increased the sensitivity of UVSSP-42-1 spores about threefold and the germinated spore less than twofold. The mutation Polisi had a considerable effect. The resultant strain Fl produced germinated spores which were about four times more UV sensitive than those of UVSSP-42-1. The biggest effect was obtained with the mutation recAj. The germinated spore of the strain Gl was about 15 times more sensitive than that of UVSSP-42-1. These results show that the UV resistance of germinated spores is in fact genetically controlled in such ways that it is greatly impaired by the defects in recA or pol genes.
DISCUSSION
It has been established that the spore and the vegetative cell of certain Bacillus species are photochemically and photobiologically distinct entities (1, 10) . In addition, the present study shows that the transition from the spore to the vegetative phase is a photobiologically complex process. The strain UVSSP-42-1 demonstrates the unique status of the germinated spore most clearly because in that state it possesses a striking UV resistance in comparison to either its spore or vegetative cell. The loss of dormancy of the spore is associated with the loss of refractility and heat resistance and the attainment of UV resistance. Two types of cells are present in varying proportions during germination: (i) heat-resistant dormant spores (in the case of UVSSP-42-1 always UV sensitive); (ii) heat-sensitive germinated spores with more than 25 times greater resistance to UV irradiation than (i). The UV-resistant status of the germinated spore does not change unless outgrowth is allowed. During outgrowth and after several generations of growth the cells gradually reach maximal sensitivity. A similar gradual sensitization during outgrowth was observed with B. megaterium spores of Woese (18) . It appears there were some components which conferred the resistance at the germinated phase and were gradually diluted out during outgrowth. The nature of such materials remains to be investigated.
Spores, upon UV irradiation, produce "spore photoproducts" (mostly identified as 5-thyminyl-5, 6-dihydrothymine [17 ] ), whereas vegetative cells produce mainly cyclobutadipyrimidines. Spore photoproducts are removed from the DNA either by excision, controlled by the hcr gene, or by destruction ("spore repair"), controlled by the ssp gene (10; N. Munakata and C. S. Rupert, Mol. Gen. Genet., in press), whereas cyclobutadipyrimidines in the vegetative cells are removed mostly by excision. However, defects in both the hcr and ssp genes do not interfere with the UV resistance of the germinated spore. This seems to suggest that these mechanisms for removal of both types of base alterations are not crucial in determining the resistance at this particular stage. In germinated spores, as in the vegetative cells, cyclobutadipyrimidines are the major UVinduced photoproducts, although small amounts of spore photoproducts may be induced too (12; 14; Munakata, unpublished data). Hence, the above findings cast doubt on the significance of cyclobutadipyrimidines as the cause of the lethality at this particular stage of the life cycle of bacilli. In this context, the finding made by Stuy (15) that the germinated spores of a photoreactivable B. cereus strain could not be photoreactivated should be recalled. As suggested by Stuy, this may be due to the lack of photoreactivating enzyme at this phase, but other possibilities also seem to exist; namely, cyclobutadipyrimidines are not responsible for the lethality, or they are counteracted very effectively, leaving little to be done by photoreactivation. Regretfully, the alternatives can not be easily decided because of the nonphotoreactivable nature of the strain employed in this work.
On the other hand, a defect in the recA gene greatly sensitizes the germinated spore to UV irradiation. This suggests the existence of another repair mechanism to be called "subtilisrecA-dependent" repair, which is very active in the germinated spore. Analysis of the transformation process with the strain carrying the recA, mutation demonstrated that it prevents the formation of complex molecules between donor and recipient DNA (2). Thus some recombinational process similar to transformation may be involved in rescuing damaged DNA in the germinated spore. UV-survival kinetics for germinated spores, with a possible exception of strain Gl, exhibit a final exponential decline with a modest "shoulder" which can be extrapolated to the ordinate at two or three. It is tempting to imagine that the germinated spore could carry two or more genomes among which recombinational rescue could take place (7, 19) . Without more convincing biochemical evidence, however, these postulates are very much speculative. Since the pol mutation also produces a sensitizing effect, it can be questioned whether the defect caused by this mutation is in the same process as the subtilis-recA-dependent repair. However, the pol mutation does not impair transformation 
